The black yeast Exophiala dermatitidis is a worldwide distributed agent of primary and secondary diseases in both immunocompromised and healthy humans, with a high prevalence in human-made environments. Since thermo-tolerance has a crucial role in the fungus persistence in man-dominated habitat and in its pathogenicity, three incubation temperatures (37, 45, 1°C) and two time spans (1 h, 1 week) were selected to simulate different environmental conditions and to investigate the effect of temperature on the proteome of E. dermatitidis CBS 525.76. Using a novel protocol for protein extraction from black yeasts, 2-D DIGE could be applied for characterization of changes in total protein spot abundance among the experimental conditions. A total of 32 variable proteins were identified by mass spectrometry. Data about protein functions, localization and pathways were also obtained. A typical stress response under non-optimal temperature could not be observed at the proteome level, whereas a reduction of the metabolic activity, mostly concerning processes as the general carbon metabolism, was detected after exposure to cold. These results suggest that a fine protein modulation takes place following temperature treatment and a repertoire of stable protein might be at the base of E. dermatitidis adaptation to altered growth conditions. Significance: E. dermatitidis is a pathogenic black yeast causing neurotropic infections, systemic and subcutaneous disease in a wide range of hosts, including humans. The discovery of the fungus high prevalence in man-made habitats, including sauna facilities, drinking water and dishwashers, generated concern and raised questions about the infection route. In the present work -which is the first contribution on E. dermatitidis proteomethe effect of different temperature conditions on the fungus protein pattern have been analyzed by using a gel-based approach and the temperature responsive proteins have been identified. The absence of a typical stress response following the exposure to non-optimal temperature was detected at the proteome level, along with a general reduction of the metabolic activity after exposure to cold. These results suggest that a very fine regulation of the protein expression as well as adaptations involving a basic set of stable proteins may be at the base of E. dermatitidis enormous ecological plasticity, which plays a role in the fungus distribution, also enabling the transition from natural to human habitat and to the human host.
Introduction
The opportunistic black yeast Exophiala [Wangiella] dermatitidis (Kano, de Hoog 1977), belonging to the Ascomycete order Chaetothyriales, is an agent of primary and secondary diseases in both healthy and immune-compromised hosts, including humans [1] . Clinical forms of the infection range from localized cutaneous and subcutaneous phaeohyphomycosis to more severe systemic forms such as neurotropic infections, whose prevalence is effectively growing [2, 3] . In addition, this species is often found as pulmonary colonizer in patients affected by cystic fibrosis [4] .
Although there is increasing evidence supporting the tropical rain forest as the strain's natural reservoir -where its life cycle involves fruit-eating animals [5] -E. dermatitidis has a much wider distribution as assumed earlier. Due to its extremophilic character, the fungus manages to thrive in a broad variety of environments whether natural or not [6] . Along with the isolation from the tropical and sub-tropical areas, strains of E. dermatitidis have been found in habitat characterized byclinically relevant species shows high prevalence in man-made habitats, being frequently detected in steam bath and sauna facilities [11] , sink and drainpipes, drinking water and dishwashers [12] [13] [14] , which are colonized as artificial equivalents to the natural niches [15] .
Such wide diversity in distribution and habitat is achieved due to a high spectrum of adaptation to a multitude of biotic and a-biotic factors. Independently on the origin, whether polar or Arctic regions, tropics, steam baths, dishwashers or the human body, E. dermatitidis strains share a remarkable thermo-, halo-and pH-tolerance together with an extraordinary ability to withstand oligotrophism and osmotic stress [16, 17] . As recently demonstrated, E. dermatitidis can also resist ionizing radiations and furthermore reacts to them by enhancing the cell growth [18] .
This combination of properties arises from a number of morpho-and physiological characters such as thick and multilayered cell walls, extracellular polysaccharides (EPS) capsule [19] , melanization, intracellular accumulation of polyols and trehalose, that are universally present in black yeasts [20, 21] . Most importantly melanin, whose deposition in the cell walls is responsible for E. dermatitidis dark pigmentation, plays a major role in pathogenesis by reducing the black yeast's susceptibility to the host immune system [22] . In addition, melanin has an essential biomechanical function which enables the hyphae to penetrate host tissues [23] . Ecological flexibility and poly-extremophilia together, make of E. dermatitidis a fully successful microorganism and human pathogen.
As the fungus can cause infections even in healthy hosts, its presence in man-made environments generates alarm, besides raising questions about the infection route. As recently suggested, the black yeast's transition from natural habitat to humans might be achieved using natural spring water as a vector (Novak Babič et al., unpublished data). Moreover, spring water could act as an additional reservoir for this species. This hypothesis creates concern especially about the drinking water practice of central and north European countries, which is based on the routinely consumption on non-chlorinated water [24] .
Despite the strain extremophilic character and pathogenicity are known, there is very little information regarding the molecular mechanisms which are at the base of its stress resistance.
Lately the molecular tractability of E. dermatitidis has increased the number of the transcriptomic [24, 25] and genomic studies, especially since its sequenced genome became available (http://www. broadinstitute.org/annotation/genome/Black_Yeasts/MultiHome. html). However, our understanding of the system biology of this species is still limited mainly at the functional proteomic level. To this purpose, we describe here the first proteomic study of E. dermatitidis. Since the ability to cope with temperature stress has a crucial role in the fungus persistence in man-dominated habitat as well as for its virulence, our investigation had the aims to determine changes in the fungus proteome under sub-and supra optimal temperatures and to detect proteins and pathways that are involved in the response to temperature stress. The strain optimal temperature of growth at the laboratory conditions and the cell viability after temperature treatment were assessed prior to the experimental set up.
Different temperature conditions and exposure times were applied to evaluate their effects on the proteome. E. dermatitidis was thereby incubated at 37°C and at 1°C with the aim to simulate the cold natural habitat and putative reservoir (e.g. glaciers) from which the speciesin meltwaters running off glaciers -might have access to the human environment. The incubation at 45°C was instead performed in order to re-create temperatures well above that of humans, such as the body temperature of frugivorous animals (e.g. birds, bats), which are thought to have a natural habitat in association with E. dermatitidis. In addition, 45°C can also be representative of the temperature of warm tap water as well as being in the range of temperatures recorded in steam bath and sauna facilities.
TEM observations were performed -with a special focus on melanin -in order to detect alterations of the cell structures due to temperature stress. 2D difference gel electrophoresis (2D-DIGE) and LC/MS-MS were used to characterize the temperature responsive proteins. Their abundance patterns, their functions and predicted interactions are discussed.
Materials and methods

Strains, cultivation and stress conditions
E. dermatitidis CBS 525.76 was purchased from the CBS-KNAW Fungal Biodiversity Centre (Utrecht, The Netherlands; Fig. 1 ). The strain was grown on 2% MEA (Malt Extract Agar) at 37°C for seven weeks in order to obtain sufficient amounts of biomass for protein extraction. Consequently, it was exposed to 1°C and 45°C both for 1 h and for 1 week. Colonies grown at 37°C were selected as control sample for the experiment. All tests were performed using four individuals -four petri dishes -as biological replicates, resulting in a total of 20 samples.
Temperature optima and colony viability after temperature treatment were tested prior to setting up the experimental conditions. Temperature tests were performed on 2% MEA plates at 1, 5, 10, 15, 20, 25, 28, 30, 35 and 37°C . Higher temperatures were not tested since data supporting the growth of E. dermatitidis at 45 and 47°C are already available in literature [6] . The diameter of the colonies was recorded each day for three weeks. The viability was evaluated after exposure to 1 and 45°C for 12, 24, 48, 72 h and 1 week.
Transmission electron microscopy
A 1 mm 3 portion of E. dermatitidis colony from each experimental condition was fixed overnight in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.4 (v/v). The following steps were carried out according to Arcalis et al. [26] with a few modifications. After washing the sample with 0.1 M phosphate buffer, post-fixation was performed using 1% osmium tetroxide in phosphate buffer (0.1 M, pH 7.4, v/v) for 3 h on ice and in the dark. The sample was washed thereafter with phosphate buffer (0.1 M, pH 7.4), subsequently dehydrated through an acetone series [50, 70, 90, 96 , 100% acetone in MilliQ water (Millipore), v/v] and then stepwise infiltrated (15, 30, 45, 60, 75, 90 , 100% resin/acetone solution, w/v) in low viscosity epoxy resin (Agar Scientific) on ice. Polymerization was carried out at 60°C for 48 h. Ultrathin 70 nm sections were mounted on gold grids, stained in 2% (w/v) aqueous uranyl acetate followed by Reynold's lead citrate and inspected in both a Morgagni 268D transmission electron microscope (FEI) and in a Tecnai G 2 20 (FEI) operated at 80 kV. Images were acquired using an 11 megapixel Morada CCD camera (Olympus-SIS) and an Eagle 4 k HS CCD Camera (FEI), respectively.
Preparation of protein extracts
Protein extraction was carried out according to a previously described protocol [27] , however some modifications were applied in order to increase the protein yield [28] as follows: the biomass was disrupted using mortar and pestle under liquid nitrogen, then suspended in homogenization buffer (50 mM Tris-HCl pH 8.5, 5 mM EDTA, 100 mM KCl, 1% PVPP, 30% Sucrose, 2% SDS) with the addition of 0.1 M NaOH in a 1:1 ratio (biomass/NaOH, w/v) and further processed using a beating mill, to enhance the disintegration of the cell walls.
Tris-buffered phenol solution pH 8.0 (Sigma Aldrich) was added to the cell lysate and the phenolic phase was collected after centrifugation (3300 g for 20 min; Heraeus Megafuge 40R, Thermo Scientific). Proteins were precipitated overnight (−20°C) by addition of 5 volumes of 0.1 M ammonium acetate in methanol (w/v). After centrifugation at 3300 g for 30 min, the precipitate was washed with ice-cold methanol (absolute) and then with ice-cold acetone (80%, v/v). The dried pellet was re-solubilized in 7 M Urea, 2 M Thiourea, 4% CHAPS, 30 mM Tris HCl pH 8.5 by vigorous shaking for several hours at room temperature. Protein concentration was determined using the Bradford assay (BioRad). Equal amounts of the protein extracts were separated on a 5-10% SDS-PAGE gel and stained with silver nitrate in order to check for protein degradation.
Sample labeling and protein separation
Prior to 2D-DIGE analysis, protein extracts were labeled using Refraction-2D TM minimal dyes (NH DyeAGNOSTICS). An experimental plan was designed, according to which all biological replicates of control and temperature stressed samples were labeled with either G-Dye 200 or G-dye 300 (Table 1) . A dye swap was also applied to minimize the effect of preferential labeling. To ensure normalization of spot intensities for protein abundance differences analysis, an internal standard (IS) was generated by pooling aliquots of equal amounts of all 20 samples and incorporated within each gel after labeling it with G-Dye 100. G-Dye 100, G-Dye 200 and G-Dye 300 labeled samples were combined to be separated on each gel. As a result 20 protein extracts and 10 internal standard were applied to 10 gels.
Aliquots of 50 μg protein were separately labeled with 400 pmol minimal dye according to company's recommendations. Samples and IS were subsequently pooled together and incubated with 2× Lysis Buffer [7 M urea, 2 M thiourea, 2% CHAPS, 0.1% bromophenol blue, 130 mM DTT, 1% Servalyt TM 2-11 (Serva)] in a 1:1 ratio (protein extract/2× Lysis Buffer, v/v) on ice in the dark. Rehydration buffer containing 8 M urea, 2% CHAPS, 0.1% bromophenol blue, 13 mM DTT and 0.5% Servalyt TM 2-11 (Serva) was subsequently added to a final volume of 450 μl for loading on a non-linear IPG dry strip (24 cm, pH 3-10, GE Healthcare). The strips were rehydrated at room temperature for 16 h and consequently focused at 20°C for 60.0 kVh, using a Protean IEF cell system (BioRad) and limiting the current to 50 μA per strip (Step 1: 500 V, 1 h; step 2: 1000 V, 1 h (gradient); step 3: 8000 V, 3 h (gradient); step 4: 8000 V, 45.0 kVh). Strip equilibration was carried out for 15 min in equilibration buffer (6 M urea, 30% glycerol, 2% SDS, 50 mM Tris HCl pH 8.4) with 2% DTT and subsequently for 15 min in equilibration buffer (6 M urea, 30% glycerol, 2% SDS, 50 mM Tris HCl pH 6.8) containing 0.1% bromophenol blue and 2.5% IAA. The volume of buffer used for each strip was 6 ml. In the second dimension proteins were resolved on 12% SDS-PAGE gel (20 × 26 × 0.15 cm) using the Ettan DALT six system (GE Healthcare) at 1 W/gel for 1 h, then at 15 W/gel, until the bromophenol blue line reached the bottom of the gels. Lower and upper running buffer were prepared by diluting 1:10 and 1:5 the 10× Running buffer (240 mM Tris, 1.92 M Glycine, 1% SDS), respectively. The chamber was cooled at 4°C (Multi temp III, GE Healthcare). Preparative gels -obtained in the same way as the analytical gels but using a higher protein amount (400 μg) -were stained with a mass spectrometry (MS) compatible silver staining as previously described [29] . Briefly, gels were fixed in 30% ethanol and 10% acetic acid for 1 h and then sensitized in a solution containing 0.5 M sodium acetate, 8 mM sodium thiosulfate pentahydrate and 30% of ethanol, at 4°C overnight. Subsequently three washing steps with MilliQ water were performed, then the gels were incubated in a 0.2% silver nitrate solution for 30 min at 4°C and further rinsed after the incubation. A 2.5% sodium carbonate and 0.01% formalin solution was applied for gel development until the desired intensity of staining was achieved. The staining process was stopped by incubating the gels in a 1% glycine solution, followed by a final washing step with MilliQ water.
Gel imaging and protein abundance analysis
The analytical gels were scanned in a Typhoon TM FLA 9500 (GE Healthcare) at a resolution of 100 μm using the 473 nm laser for for spot count, gel matching and detection of changes in protein abundance. Protein spots were automatically detected and matched intragel using the batch processor module. The estimated number of spots was set to 10,000, spot slope and volume were set to 1.12 and 50,000 respectively. During the following stage of gel processing, spots intensities were normalized to the internal standard and inter-gel spot matching and quantification were performed using the BVA module (biological variation analysis). Matches were evaluated and improved by visual inspection. Experimental sets were then created in the EDA (extended data analysis) to compare all experimental conditions with each other and with the control. The percentage of spot maps where proteins had to be present was set to N75%. The results of differential abundances of spots were validated through statistical analysis. An independent Student's t-test and the one-way ANOVA were performed and the data were corrected applying the FDR (false discovery rate). Principal component analysis (PCA) and pattern analysis -i.e. hierarchical clustering (HC) -were further performed to search for outliers and for groups of co-varying spots. Protein spots with an average ratio increasing or decreasing more than 1.5-fold and with a p-value ≤ 0.05 were considered as significantly modulated and assigned to a pick list. After formaldehyde free silver staining, preparative gels were compared with the analytical gels in order to match and localize the spots of interest. Protein spots were excised manually, using a 1.5 mm diameter one-touch spot picker (Gel Company) and subjected to digestion prior to MS analysis.
In-gel digestion
In gel tryptic digestion was carried out according to Shevchenko [30] , with a few modifications. The spots of interest were de-stained with 100 mM sodium thiosulfate/30 mM potassium hexacyanoferrate (III) (1:1, v/v) at room temperature and subsequently rinsed with MilliQ water. The gel particles were then treated with acetonitrile and rehydrated by adding an equal volume of 100 mM ammonium bicarbonate buffer pH 8.5. After replacing the buffer with acetonitrile, the particles were incubated in a 100 mM ammonium bicarbonate pH 8.5/acetonitrile (1:1, v/v) solution and ultimately dried in a vacuum centrifuge (Unicryo MC2L-60, UniEquip). Gel pieces were incubated at 56°C in a solution containing 10 mM DTT and 100 mM ammonium bicarbonate for protein reduction and thereafter in an alkylation solution (54 mM IAA, 100 mM ammonium bicarbonate) at room temperature and in the dark. A further incubation step with 100 mM ammonium bicarbonate and then with an equal amount of acetonitrile were performed prior to drying the spots in a vacuum centrifuge. Subsequently, a solution containing 95% 50 mM ammonium bicarbonate, 5% acetonitrile and trypsin (proteomics grade, Roche Diagnostics) at a final concentration of 10 ng/μl, were added. Digestion was carried out over-night at 37°C, 350 rpm. Peptides were extracted with 50 mM ammonium bicarbonate, then acetonitrile and finally twice with 1% formic acid/acetonitrile solution (1:1, v/v). All extracts from one spot were combined and subsequently evaporated to complete dryness. Peptides were re-dissolved in 10 μl 0.1% formic acid solution and subjected to C18 Zip-Tip® purification (Merk Millipore). After elution with 0.1% formic acid/acetonitrile (1:1, v/v), the peptides were evaporated in a vacuum centrifuge and thereafter re-suspended in 10 μl 5% acetonitrile/0.05% formic acid solution.
nLC-ESI-MS/MS analysis
The tryptic peptides were subjected to nLC-ESI-MS/MS analysis performed on a nano-LC system (Ultimate 3000, Dionex) coupled with an HCT plus (high capacity ion trap) mass spectrometer (Bruker Daltonics). Mass Spectra were acquired in the positive-ion mode by using the enhanced scanning mode (m/z 300-1500) with a capillary temperature of 200°C and dry gas equal to 0.5 l/min. The maximum accumulation time was 200 ms and the smart target, the averages and the rolling averaging were set to 100,000, 3 and 2, respectively. The parameter for fragmentation was set to one precursor ion using active exclusion (excluded after two spectra and released after 0.25 min). Time frame of repeated precursor ions was 25 s and the relative threshold was set to 5%.
Protein identification and bioinformatic analysis
The compound list, containing peak lists of all acquired MS/MS spectra were extracted using Data Analysis v3.2 (Bruker Daltonics) and submitted to the latest publically available version of MASCOT v2.5.1. (Matrix Science, www.matrixscience.com), through Biotools v3.2 (Bruker), for searches against the NCBI database (NCBInr 20140906; 48573147 sequences; 17378694133 residues), where the annotated genome from E. dermatitidis is available (accession number: AFPA01000000, The Broad Institute Genome Sequencing Platform). The following parameters were set prior to database search: one missed cleavage site by trypsin (porcine, Roche), MS tolerance of 0.5 Da, MS/MS tolerance of 0.3 Da, peptide charge of 1+, 2+, 3, carbamidomethylation of cysteine and oxidation of methionine as fixed and variable modification. Searches were performed using a taxonomy parameter set to Fungi (2952989 sequences).
The search results were evaluated on the base of the MASCOT score cut-off calculated for a significance threshold set to 0.05, number of matching peptides, sequence coverage, pI and molecular weight (Mw). Particular attention was dedicated to those proteins whose identification was based on one or two peptide sequences, by verifying the MS/MS spectra manually. BLASTP algorithm (http://blast.ncbi.nlm.nih. gov/Blast.cgi) was applied for protein sequences identified as hypothetical or with uncharacterized function in order to search for homologues, selecting the non-redundant (nr) protein sequence database (scoring parameters: matrix BLOSUM62; Gap Costs Existence: 11 Extension:1; Compositional adjustments: conditional compositional score matrix adjustment). Knowledge about the single protein's function was gained by inputting each protein sequence into the UniProtKB database (http:// www.uniprot.org/blast/) and detecting the respective Gene Ontology (GO) terms and annotations [31, 32] . When terms were not assigned to a protein, the most closely related protein sequence from a different organism, whose GO terms were available, was used. In the case GO terms were not accessible even for homologous proteins, the protein sequence was submitted as query to InterProScan 5 (http://www.ebi. ac.uk/Tools/pfa/iprscan5/) to scan for matches against the InterPro collection of protein signature databases using applications as PANTHER v9.0 (http://www.pantherdb.org) or SUPERFAMILY v1.75 (http:// supfam.cs.bris.ac.uk/SUPERFAMILY/index.html). In the latter case, only terms with FDR b0.001 were selected.
GOstats [33] and KOBAS v2.0 (http://kobas.cbi.pku.edu.cn) -routinely used in transcriptomics with larger data volumes -were used to search for overrepresented cellular processes GO terms in the group of increased and decreased proteins, in order to elucidate their putative biological functions. GO terms with an uncorrected pvalue b 0.05 were considered significantly enriched. The resulting lists of GO terms, i.e. one list per conditions' comparison, were summarized with REVIGO (http://revigo.irb.hr) [34] by clustering semantically close GO terms and presented as pie chart with custom R scripts. The threshold for the categorization was set to 0.5.
KOBAS was additionally used to look for enriched pathways in the KEGG, BioCyc and Reactome [35] [36] [37] databases based on the set of upand down-regulated genes. The genes were annotated with putative pathways by comparing them with genes with known annotation from Saccaromyces cerevisiae S288c. A pathway was considered significantly enriched when its uncorrected p-value was smaller than 0.05 [38] . If available, graphical representations of the overrepresented pathways were downloaded and annotated from the corresponding website.
Information about the sub-cellular localization of the differentially abundant proteins was gained by using the YLoc prediction system based on the YLoc + model for fungal proteins [39] (www.multiloc. org/YLoc).
Results
Growth temperatures and stress exposure
Tests for thermal preferences indicated the range from 25 to 37°C as growth optimal temperatures for E. dermatitidis CBS 525.76 (Table 2) . Accordingly, since thermo-tolerance has a crucial role in the fungus persistence in man-dominated habitat and in pathogenicity, 37°C was chosen as temperature of growth prior to stress exposure. Fungal growth was still detected after temperature treatment at 1°C -however at a slow rate -and at 45°C for up to one week, thus ensuring the strain's viability at the chosen experimental conditions. The incubation temperatures and the respective time spans were selected to simulate different environmental conditions and to evaluate the effects of short-and longterm exposure on the proteome level.
Morphology of E. dermatitidis under different temperature conditions
TEM images of osmium tetroxide-fixed specimens of E. dermatitidis subjected to temperature treatment as well as the control sample are shown (Fig. 2) .
A cross section of the control reveals cells with a big vacuole filled with abundant floccular material of high electron-density. Remarkably, the cell wall appears multilayered. Three layers can be distinguished: an inner and scarcely pigmented layer, a middle electron-opaque layer and an outer electron-dense layer, the latter most likely encrusted with melanin and surrounded by a fibrillar mucilage (Fig. 2a) .
When comparing temperature stressed samples with the control, no dramatic alteration of the cell morphology can be observed. As for the organelles, big vacuoles occupying most of the cytoplasm can still be detected, as well as mitochondria located around nucleus ( Fig. 2 b-f) .
However, morphological changes at the cell surface level are observed at 1°C, 1 week experimental condition, when the outermost cell wall layer appears to be highly melanized and floccular-like, being this last aspect particularly pronounced ( Fig. 2b-c) . Such floccular layer cannot be seen at 45°C 1 week experimental condition, albeit melanization persists in the outer cell wall layer (Fig. 2d) . The amount of floccular material appears thereby to be related to the strain prolonged exposure to low temperature.
As for the samples subjected to short term temperature treatmenti.e. exposure to 1°C or 45°C for an hour -only a slight increase in the pigmentation of the cell wall outer layer can be detected, by comparison with the control (Fig. 2e-f ).
2D-DIGE analysis and identification of differentially abundant proteins
2D-DIGE and nLC-ESI-MS/MS were performed to detect protein abundance changes caused by temperature stress. 2D-DIGE analysis of E. dermatitidis total protein extract was performed using four biological replicates for each of the four temperature treatments and for the control condition. The results of gel imaging on a total of 30 spot maps showed an average of 1700 protein spots being detected on each map.
Samples from all experimental conditions were compared with each other by creating experimental sets and protein spots exhibiting significant modulation (p ≤ 0.05, Av.Ratio N1.5 fold) were selected for identification via mass spectrometry. The majority of differentially abundant spots -i.e. 50 -could be detected when comparing 45°C 1 week and 1°C 1 week experimental conditions. The comparison of control and 1°C 1 week condition yielded 47 significantly different protein spots. Samples exposed to 1°C for 1 h also differed from samples subjected to 45°C for 1 week but to a lesser extent, since only 15 protein spots changed in abundance. Among the 50 protein spots, 33 were detected as more abundant and 17 as less abundant in colonies exposed to 1°C for 1 week. Of the 47 differentially abundant protein spots, 26 were increased and 21 decreased at 1°C, 1 week condition; of the 15 spots, 13 showed increased abundance while 2 were less abundant at 1°C, 1 week. Since some of the protein spots exhibited a change in abundance in more than one of the experimental sets, the total number of spots detected as significantly modulated was 75 ( Fig. 3 ). From these 75 spots, 54 could be successfully analyzed and a total of 32 different proteins identified (Table 3 ). Table 3 also shows the alterations in spot abundance (as average ratios) for the three experimental sets where protein significant modulation was detected.
Out of the 54 identified protein, 5 spots most likely represent fragments of full-length proteins (e.g. spot N°1507, 1582 1787, 943 and 947, Table 3 ) since only C-or N-terminal peptides were identified. Furthermore, a few spots with different pI but identical Mw are found to match the same particular protein (e.g. spot n°1125, and 1896), this representing a quite common phenomenon in 2D electrophoresis, possibly involving posttranslational modifications. In some cases (e.g. spot N°1582, 1799) from a single spot, peptides matching two or more different proteins were detected, thus not allowing unambiguous identifications.
The lack of sequence similarity in the database also represented an obstacle to protein successful identification. To elucidate the identity of the 5 observed hypothetical proteins, a search for homology was performed. In all cases the highest rate of sequence similarity is found with proteins belonging to the fungal species Capronia coronata and C. epimyces, both closely related to E. dermatitidis and forming Exophiala-like anamorphs in cultures. However, since the identity of the proteins from Capronia is also not known, next closely related proteins -whose identity is instead assigned -have been considered (Table 4 ). The major part of the matching proteins are stress response proteins, however in some cases -i.e. spots 1290 and 1197 -the BLAST results did not allow to unambiguously establish homology Table 2 Thermal preferences of E. dermatitidis CBS 525.76.
Strain
Thermal preferences (°C) between identified sequences and characterized proteins included in the NCBInr database. Additionally, PCA analysis was performed on all matched spots across the gels to test the reproducibility of the four biological replicates and to verify the clustering of protein profiles according to presence or absence of similarity. As shown in Fig. 4a , all four 1°C 1 week protein profiles cluster together, relative to the PC1 calculation. The same clustering pattern was observed for the control protein profiles. The PCA results demonstrated that, in all experimental sets, protein profiles of the four biological replicates from the same experimental condition group together while profiles from different experimental conditions are instead distinct. Component 1 explains 83% (3a), 90.6% (3b) and 93.4% (3c) of the variance, while component 2 explains 6.5%, 2.9% and 2.6%, respectively.
HC analysis -based on similarities of abundance patterns in the spot maps reveals clusters of co-varying spots graphically represented as dendrograms, for a standardized logarithmic abundance scale ranging from − 1.0 to + 1.0. As shown in Fig. 5 , proteins with increased and with decreased abundance levels are visualized as large spots clusters in each of the experimental sets. Moreover, changes in the protein abundance are consistent within the four biological replicates of each experimental condition. In agreement with the PCA results, this demonstrates that the biological samples share a very similar spot map. Since the statistical analysis was performed only on proteins present in at least 75% of the spot maps, in a few cases data for a specific protein spot were not available. The absence of a protein spot in a spot map is shown as a gray box in the dendrogram.
Functional analysis of the identified proteins
In order to clarify the putative biological function of the identified proteins and their involvement in particular cellular pathways, protein functional analysis was carried out on the base of cellular process GO terms. This approach is generally used in transcriptomics, however, it could indicate the importance of the identified proteins for the cellular processes as well.
In the cases where the MS analyses of a single protein spot resulted in multiple protein identification, only the proteins characterized by the highest MASCOT score were considered for the analysis. If no term was available for a single protein, GO terms assigned to the most closely related protein sequence from a different organism, were used. No GO term could be assigned to roughly 5% of the identified proteins, namely to the hypothetical proteins gi|378733644 and gi|378726833, whose putative identity could be established through homology search.
Pie charts showing the over-represented GO terms for the proteins were obtained for each condition comparison using REVIGO. In each pie chart, semantically close terms are clustered into categories of cellular processes, being each category represented by a different color (Fig. 6 , Table 5 ). Along with helping to elucidate the function of the differentially abundant proteins, this analysis provides information -as graphical representation -about the cellular processes, which are mostly affected by temperature treatment. The complete list of overrepresented cellular process GO terms (uncorrected p-value b0.05) per condition comparison is shown in Table 1 in [40] .
Knowledge about the proteins functional characterization was integrated with data about biological pathways. The identification of differentially abundant proteins indeed enabled us to discover biological pathways, which might accordingly be modulated in response to temperature exposure. KOBAS v2.0 was used to look for over-represented categories of pathways on the base of the sets of genes encoding for the increased and decreased proteins. A complete list of significantly enriched GO pathways (uncorrected p-value b 0.05) and links to the respective annotated graphical representations are shown in Table 2 in [40] . In each pathway the significantly regulated proteins are highlighted in blue and red according to decrease and increase in abundance, respectively. Green is used for the rest of the genes characterizing the pathway.
Both analyses were performed on the base of sets of identified proteins with changed abundance. Moreover, for each comparison of two experimental conditions, the two sets of proteins -with increased and with reduced abundance -were processed separately [41] . In a number of cases assessing the up-or down-regulation of a single protein was critical, especially when the protein actually resembled a fragment of the whole sequence based on the identification of only Nor C-terminal peptides. Despite that, the sets of data from each condition were directly submitted to proteins' functional characterization and pathway analysis, without prior rearranging them.
In a few cases the same cellular process and/or pathway are detected as both up-and down-regulated within the same experimental set. This concerns all fundamental cellular processes and pathways involving Hsp70-like proteins, acetyl-CoA synthetases, aldehyde dehydrogenases and glyceraldehyde 3-P dehydrogenase (indicated by their correspondent genes HMPREF1120_02626, HMPREF1120_06094, HMPREF1120_01109 and HMPREF1120_01270, respectively in Tables 1 and 2 in [40] ).
In the case of Hsp70-like proteins (gene HMPREF1120_02626) three protein spots, probably corresponding to as many protein species and exhibiting different pIs, are found. Two of the spots show increased abundance at low temperature while the third one is decreased. Differences due to alternative splicing can be speculated, however it cannot be excluded the possibility that the three proteins are encoded by different genes, some of which have not been yet annotated. Posttranslational modifications, phosphorylation or methylation, can be further hypothesized.
In the case of the acetyl-CoA synthetases, the only protein spot detected (i.e. 1507) presents increased abundance at low temperature. Aldehyde dehydrogenase is instead detected in 5 protein spots from different condition comparisons. While 2 spots resulted to have increased abundance (i.e. 943 and 947), three spots were detected as less abundant (i.e. 466, 649 and 1899). Nevertheless, all spots with increased abundance from both proteins show a lower Mw than expected. Since the masses do not match -although the protein identity match is high confidence -in this case a cleavage event can be hypothesized, which may be of evidence of protein degradation or truncation. Indeed, for spot 1507 only C-terminal peptides were identified in the mass spectra. Peptides spanning only the central part of the sequence were instead found in the mass spectra of protein spots 943 and 947, thus also indicating protein fragmentation. Since -as expected in such cases -a decrease in abundance concerning the proteins whose experimental Mw matches the expected Mw value was also observed, the decrease of the full-variant and the increase of the fragmented counterpart suggest the down-regulation of these proteins. Similarly, the glyceraldehyde 3-P dehydrogenase resembles a degradation product although an increase in its abundance is observed at low temperature. Hence, the respective proteins were considered as down-regulated.
In addition to protein functional characterization, the sub-cellular localization of all identified temperature responsive proteins was predicted. By using YLoc + interpretable server, the prediction was carried out on the base of each protein biological properties and performed into 10 different locations -also searching for multiple locations -taking into account GO terms transferred from close homologous proteins. Protein localizations for each condition comparison are shown in Table 6 . The complete list of all identified proteins and respective sub-cellular localization is presented in Table 3 in [40] . The results of protein functional characterization, of protein pathways analysis and of sub-cellular localization are presented and commented as follows. Since 27% of the differentially abundant protein spots could not be identified, additional protein functions and pathways are expected to play a role in E. dermatitidis response to temperature treatment. The same applies to the identified proteins that have been excluded from the functional analyses in order to avoid ambiguities in the prediction of up-and down-regulated cellular processes.
Functional characterization of proteins
According to the present data (Table 5) , there are 4 important cellular processes to be affected by low temperature in the condition comparison control v/s 1°C 1 week: acetate metabolism (p = 1.1e − 04) and cell aging (p = 0.006), which show decreased levels at 1°C and pyruvate metabolism and regulation of ligase activity, showing instead higher levels. Within the latter two categories, the most highly enriched sub-categories of cellular processes are: pyruvate metabolic process (p = 4e − 04) and negative regulation of apoptotic process (p = 0.02), respectively.
Pentose phosphate shunt (p = 9.95e − 05) and cellular aldehyde metabolism (p = 0.001) show decreased levels at low temperature when analyzing the 45°C 1 week and 1°C 1 week condition comparison. By contrast, acetate metabolism and cell aging are the main categories to exhibit higher levels at 1°C 1 week, being the most highly enriched sub-categories of cellular processes oxidationreduction process (p = 3.19e− 06) and catabolic process (p = 0.02), respectively.
The main overrepresented GO categories in the set of proteins with decreased abundance at the condition 1°C 1 h, by comparison with 45°C 1 week, are tricarboxylic acid metabolism -representing tricarboxylic acid cycle (p = 0.004) the most highly enriched subcategories of cellular processes within this category -and cell aging (p = 0.01). Pyruvate metabolism (p = 0.003) and negative regulation of intracellular transport (p = 0.01) are instead the main categories to be significantly increased at 1°C 1 h.
Some of the GO terms clustering in the categories of up-regulated biological processes such as pyruvate metabolism (i.e. the terms displayed as XV a, c, d, e, f, k, q, r, s, u and w, in Table 5 ), acetate metabolism (I c, e, j, p, u, w, x, y, γ, ε, and θ) and cell aging (VI a, b and c) are associated to truncated or degraded forms of glyceraldehyde 3-P dehydrogenases, acetyl-CoA synthetases and aldehyde dehydrogenases. Accordingly, the evaluation of these biological processes as of actually up-regulated processes is critical. Fig. 3 .
Identification of most affected pathways
The identification of temperature modulated proteins in E. dermatitidis allowed to discover biological pathways that are possibly also affected by the exposure to temperature treatment.
Based on the results of pathway prediction, pyruvate metabolism (p = 8.55e − 05) shows the most significant down-regulation at low temperature, when comparing 1°C 1 week experimental with the control sample. All proteins involved in the pyruvate metabolism and exhibiting reduced abundance are shown in Fig. 7 . Direct links to similar graphical representations are available for the rest of the pathways ( Table 2 Carbon (p = 0.013) and pyruvate metabolism (0.038) are identified as down-regulated pathways at low temperature also when comparing 1°C 1 week to 45°C 1 week experimental conditions. However, the pentose phosphate (p = 0.001) is the most significantly decreased pathway. As for the up-regulated pathways instead, the beta-oxidation of very long chain fatty acids (p = 0.0007) are detected along with glycolysis/gluconeogenesis (p = 0.004), peroxisomal lipid metabolism (p = 0.006) and cellular response to stress (p = 0.008). In addition, the pathway cellular responses to stress also shows up-regulation (p = 0.036).
Aspartate degradation, TCA cycle and glyoxylate and dicarboxylate metabolism are detected as down-regulated at low temperature in E. dermatitidis when comparing 45°C 1 week to 1°C 1 h. However, since only one protein is regulated in each of the pathways, these data cannot be considered as significant. The up-regulated pathway at 1°C 1 h are instead cellular response to stress (p = 0.012) and the glycolysis/gluconeogenesis (p = 0.031).
Since most of the proteins involved in glycolysis/gluconeogenesis -i.e. acetyl-CoA synthetases, glyceraldehyde-3-phosphatedehydrogenases and aldehyde dehydrogenases -actually resemble truncated or degraded forms of the full-variant, it is likely that only enolases contribute to this pathway. Such issue applies to all condition comparisons where this pathway is detected.
Prediction of sub-cellular localization of the identified proteins
As shown in Table 6 , most of the proteins decreased at 1°C 1 weekas compared to the control sample -are predicted to be localized in the cytoplasm (52.2%), in the peroxisome (34.8%) and in the mitochondrion (8.7%). As for the localization of the increased proteins, cytoplasm (61.1%) and mitochondrion (22.2%) are the most represented cellular compartments. No protein is predicted to be located in the peroxisome, while a low percentage of proteins seem to be found at the nuclear and plasma membrane level. The remaining 5.5% should instead be represented by secreted proteins.
Similarly to what observed in the previously described condition comparison, most of the proteins decreased at 1°C 1 week -as compared to 45°C 1 week condition -are predicted to be cytoplasmic (40%) and peroxisomal (46.6%). About 60% of increased proteins are predicted to be located in the cytoplasm, followed by a 25.7% of mitochondria-associated proteins. The remaining 14.2% includes nuclear, secreted and membrane proteins.
All decreased proteins at 1°C 1 h condition -as compared to 45°C 1 week condition -are predicted to be cytoplasmic. Most of the increased proteins are predicted to be located in the cytoplasm, while the remaining 15.4% should be equally distributed between nucleus and mitochondrion. 
Discussions
The present study represents the first proteomic contribution on E. dermatitidis, by the investigation of changes at the protein expression level at different temperature conditions and a comprehensive identification of the temperature responsive proteins. The results confirm the enormous ecological plasticity of this fungus, which can be interpreted as a major basis for understanding its transmission from the natural environment to the human habitats and the human host.
The pathogenic black yeast has recently received increasing attention, due to its frequent isolation from human-made environments such as sauna facilities and dishwashers. Its presence in such proximity to humans generates alarm especially since phaeoid (darkly pigmented) fungi collectively cause infections frequently not treatable with the available antifungal therapies and thereby lead to death [42, 43] . For a number of reasons, E. dermatitidis can be considered as a good representative of most other phaeoid pathogens and can therefore be employed as model organism for studies about virulence of human pathogen species [44] . Its polymorphism and thus the ability to produce various morphological structures (i.e. mold-like stage, true and pseudo hyphae and sclerotic bodies in tissues) allows comparisons with different fungal species in terms of growth and developmental pathways (43, 44) . Moreover, the incredible tolerance to a combination of stressors rarely observed in a single fungus, makes E. dermatitidis an excellent candidate for studies of the extremophile nature of fungi. As a result, the number of studies using the black yeast as model organisms are growing. However, knowledge regarding the molecular mechanisms at the base of the strains resistance to stress is still missing, especially at the functional proteomic level.
In this study four incubation conditions -two temperatures (1 and 45°C) and two time spans (1 h and 1 week) -were selected to simulate the short-and long-term exposure to the temperatures which characterize the human-made and the natural habitats where the fungus has been isolated from (i.e. sauna facilities, tropical rain forest and glaciers). The strain temperature optimum (37°C) was chosen as control condition. All experiments were carried out using four biological replicates. Morphological observation of the treated and control samples were performed to determine stress-induced alterations of the cell structures. A DIGE approach was applied in order to identify proteins whose abundance changed by temperature treatment. By doing that, particular reference was given to the protein functional characterization along with the prediction of protein pathways and subcellular localization. An additional purpose of the identification of the temperature reacting proteins was to evaluate the presence of a general stress response in the extremophile and pathogenic strain, also trying to assess whether stress affects its virulence.
Temperature preferences and morphological hints of temperature tolerance
Thermal preference tests performed on E. dermatitidis demonstrate that the fungus is capable to thrive at a wide range of temperatures, therefore it exhibits a certain ecological plasticity. The recorded optimal temperatures of growth lie indeed in the range of 25 to 37°C, the latter representing the preferred temperature. Moreover, the black yeast shows good tolerance to temperature treatment up to one week, as confirmed by viability tests.
These data are consistent with the TEM observations, which reveal no dramatic alteration of the intracellular structures in E. dermatitidis under temperature treatments. However, an increase in melanization is detected at 1°C and 45°C compared to the optimal growth temperature (37°C). In addition, the long-term exposure to low temperature (1°C, 1 week) seems to have a greater impact on the cell morphology: under this condition, a thickening of the outermost cell wall layer is observed. The multilayered structure of the cell wall indeed persists and the exterior layer rather acquires a fibrillar-floccular consistency.
The accumulation of melanin in the fungus cell wall serves to multiple purposes. Melanin acts indeed as virulence factor in pathogenic species and has in addition a remarkable antioxidant activity, protecting the cells from both the host immune response and temperature stress [46] . ROS scavenging and tolerance to temperature stress are directly linked [47] and it is not surprising that a high proportion of melaninproducing fungi are isolated from environmentally stressed habitat, where the exposure to extreme temperatures is prolonged in time [48] [49] [50] . It follows that, in the present study, a higher abundance of melanin can undoubtedly be correlated to the necessity of the fungus to tolerate sub-and supra-optimal temperatures (i.e. 45 and 1°C). The cell wall thickening occurred at the 1°C, 1 week condition might serve a similar function: by acting as a barrier between the microorganism and the external environment it protects the cell from the possible damages caused by exposure to sub-optimal temperature or to freezing [51] . As for the floccular layer, a similar structure -enriched in glycosylated mannoproteins -has been previously described in pathogenic fungi as Candida albicans as a crucial element mediating the attachment to the host tissues during the initial steps of infection [52, 53] . Unlike C. albicans, in E. dermatitidis such floccular layer is not detected in the present study at 37°C or at higher temperature, therefore its correlation with the pathogenic activity can possibly be excluded. Further, it can be hypothesized that the fibrillar-floccular texture of the outermost layer of the wall is the result of the deposition of extracellular polysaccharides (EPS), which might also act as sheltering molecules and prevent cell freezing by slowing the accumulation of ice crystals at the cell wall. The attempt to increase the degree of freezing tolerance in response to low non-freezing temperatures was described in many species as part of the cold acclimation [54] .
Temperature-related alterations in the cellular proteome
In E. dermatitidis and in other human pathogens growth at 37°C is essential for pathogenesis, this temperature switch representing the signal for expression of virulence genes. As it is well known, high temperatures also contribute to protein denaturation especially in less adapted species and the synthesis of heat shock proteins (HSPs) indeed represents a general response to temperature stress [55] .
The analysis of protein profiles from E. dermatitidis revealed changes in the protein abundance beyond the established cut-off value (p value b 0.05, average ratio N 1.5), only in response to the prolonged exposure to low temperature. The protein pattern does not undergo any remarkable increase or decrease in the number of protein spots as well as any statistically significant changes in protein abundance under the other temperature treatments. Even when lowering the average ratio to N1, protein modulation is not detected. This indicates that the short-term exposure to both high and low temperature does not trigger a rearrangement in the E. dermatitidis proteome, which is in complete contrast to what was hitherto found in other fungi and in other pathogenic species [56] . Previous studies conducted on human pathogens such as C. albicans and Aspergillus fumigatus actually detected re-arrangements of the protein pattern -including the over-expression of HSPs among other proteins -after a shift from 37 to supra-optima temperatures (i.e. 45 and 48°C) [57, 58] . Less is known about the reaction of fungal pathogens to low temperature. However, a correlation between cold and the over-expression of temperature responsive proteins -defined as cold-stress markers -has been previously described in the yeast S. cerevisiae [59] .
The results of this study clearly show that the short-term exposure to sub-and supra-optimal temperatures (i.e. 45°C and 1°C) is not perceived as a stress by E. dermatitidis. Over-expression of chaperones, HSPs and cold shock proteins (CSPs) or on the contrary the downregulation of the protein expression -representing the most important effects to temperature stress [27, 60] -are not detected. Interestingly, this also applies to the long-term exposure of the fungus to high temperature (45°C, 1 week) , when the synthesis of temperature- responsive and stabilizing proteins would occur -in most organismsand serve as survival strategy at the base of the acclimation process. Acclimated organisms are indeed able to start a quick response if exposed to even more extreme temperatures [61] . Nevertheless, by promoting metabolic homeostasis despite environmental changes, acclimation requires energetic costs [62] . On this basis, we strongly believe that in the case of E. dermatitidis -where the costs may outweigh the benefits -a lack of response represents the best adaptation. This idea finds support in the recourse of black fungi to energy saving mechanisms, which was already demonstrated to be crucial for the organism survival in both changing and constant environments [27, 63, 64] . Moreover, it can be speculated that E. dermatitidis temperature tolerance is based on the thermo-stability of the basic set of proteins which, by remaining functional under temperature shifts, allow the organism to save precious energy. This might additionally explain the absence of a shock response. A combination of housekeeping, stabilizing and putative virulence proteins might per se guarantee the organism's survival once it is exposed even to long lasting unfavorable temperature condition, without any novel protective proteins. However, other unknown cellular strategies may also have a crucial role in the tolerance and adaptation. Recently, the fusion of distinct mRNAs to produce the necessary proteins once in need has been proposed as a solution for thriving in the natural and in the human-made environment as well as in the human host [65] .
Proteins involved in the response to low temperature
In E. dermatitidis the greatest impact on the cellular protein level is observed under the 1°C 1 week incubation condition. In accordance with the findings of a recent study on the transcriptome of this fungus, the highest number of cellular processes is altered by the exposure to low temperature [65] , thus indicating the strain's effort to cope with the cold.
The major part of proteins whose abundance changed significantly under low temperature are cytoplasmic and mitochondrial; peroxisomal proteins can only be found among the proteins decreased at low temperature. The performed proteome analysis enabled to highlight those biological processes and metabolic pathways mostly affected by low temperature, therefore providing first indicators -on the proteome level -for regulated pathways during temperature stress.
A large number of the temperature-modulated proteins is associated with the carbohydrate synthesis and metabolism. The results of both protein functional characterization and pathways prediction show that especially proteins involved in the pyruvate, acetate and carbon metabolism exhibit lower levels at 1°C. This is in agreement with what previously reported in yeasts following the incubation to low temperature [66] and suggests a reduced metabolism. Further components of basic energy metabolism such as malate synthase and malate dehydrogenase -which are responsible for the formation of malate from acetyl-CoA and of oxaloacetate from malate respectively in the glyoxylate shunt -show lower levels too at 1°C. The glyoxylate shunt is an ancillary cycle to the TCA cycle and is essential for growth on two-carbon compounds, along with being required for fungal virulence [67] . It is not surprising that also the ethanol degradation, whose product acetyl-CoA can be metabolized by reacting with the intermediates of the glyoxylate cycle, results to be down-regulated. Moreover, as expected in response to the thermal downshift, proteins involved in the response to heat stress such as Hsp-70s, elongation factor 1-alpha and the hypothetical protein gi|378729668 identified as Hsp-30 through homology search, also show decreased levels [68] . Similarly, the down-regulation of cell aging at low temperature can be interpreted as direct consequence of the slowing of the metabolic rate, which is linked to a reduction of energy consumption and of ROS [69] .
As already shown in the methylotrophic yeast Pichia pastoris, at low temperature and on non-methanolic growth substrates [66] , also in E. dermatitidis a decrease in the abundance of alcohol oxidases is detected. Multiple spots with different electrophoretic mobility are actually identified as alcohol oxidase, thus suggesting the presence of isoforms [70] . Moreover, the spots show different ratios of abundance, the ones with most basic pI resulting to be more decreased. Although this study does not focus on the regulation of post-translational modifications of single proteins, the observation of concerted regulations of protein species -for e.g. the above mentioned alcohol oxidases isoformscorroborates the finding that the pathways they are involved to, are also modulated. Depending on the species, the alcohol oxidases' function can be related to methanol metabolism, however a methylotrophic activity is not known for E. dermatitidis.
Interestingly, a few proteins involved in carbohydrate metabolism (i.e. glycolysis/gluconeogenesis, carbon and pyruvate metabolism) show a higher abundance at 1°C. In accordance with the morphological changes in the cell wall observed at low temperature conditioni.e. thickening and floccular-like aspect -and with some of the enriched biological process GO terms (i.e. Table 5 , XV k, l, n), the induction of these proteins might have the aim to enhance the synthesis of cell wall polysaccharides which have a physical protective function for the wall. However, the presence of truncated and/or degraded proteins interferes with the above mentioned categories of biological processes and pathways, thus their evaluation as of generally actually upregulated processes is critical. The examination of the MS/MS spectra showed in fact that peptides with higher identification scores covered only parts of the total protein sequence. This phenomenon concerns other up-regulated biological processes and pathways as well. Protein fragments can be the product of both truncation and degradation, two phenomena that have different impact on the protein function. Unlike degradation, truncation can represent transcript splicing or functional cleavage [71] . Furthermore, it should be considered that the procedure for protein extraction can also have an impact. In the current proteomic study, down-regulation is suggested in all cases where the proteins with increased abundance resemble a degradation product and the fulllength protein counterpart is found to be decreased. The Hsp30 (spot N°1787) represents a good example: one protein spot identified as a fragment of Hsp30 with experimental Mw of approximately 10 kDa and pI around 9.0 shows higher abundance at 1°C. A second spot identified as the E. dermatitidis hypothetical protein gi|378729668 and homologous of a 30 kDa Hsp of Fusarium oxysporum, exhibits instead a decreased level. This spot has experimental Mw and pI values of approximately 30 kDa and 5.9 respectively, which indeed match the theoretical values of the full-length Hsp30. Hsp30 is accordingly deemed downregulated at low temperature. Similarly, the glycolysis/gluconeogenesis pathway and the methane metabolism are not to be considered as up-regulated.
An additional process to be up-regulated is the regulation of ligase activity, which based on the associated GO terms, is involved in the cell cycle, filamentous growth and the negative regulation of apoptotic process.
High and low temperatures comparison
Significant re-arrangements of the proteome are also detected between the low and the high temperature incubation conditions. Similarly to what observed when comparing the low temperature incubation condition with the control, the processes to be down-regulated are primarily related to carbohydrate metabolism. By comparison with 45°C 1 week condition, at 1°C 1 h the down-regulation is limited to the TCA cycle and the glyoxylate metabolism. One of the enzymes of the glyoxylate shunt -the malate dehydrogenase -that shows lower levels at 1°C at all condition comparisons represents an interesting case of protein regulation. Two different protein spots (spot n°1896 and 1125) having diverse Mw and pI were identified as the enzyme, thus denoting the presence of post translational modified forms of the same protein being modulated at different growth conditions [72] . After the incubation to 1°C for a week, pentose-phosphate shunt, carbon and pyruvate metabolism are down-regulated. Enzymes of the pentose phosphate pathway are actually known to have a heat shockdependent regulation in yeasts, thus suggesting their role in the depletion of ROS and in balancing the organism redox state [58, 73] . Cellular processes involving aldehydes, other components of basic energy metabolism which are responsible for interconversion of acetaldehyde and acetate [66] , also show lower levels at 1°C 1 week. Similarly, at 1°C 1 h proteins involved in the aspartate degradation exhibit lower abundance. Since aspartate can be converted to intermediates of multiple pathways and can additionally act as precursor for the biosynthesis of many other compounds such as lysine and NAD + , it actually represents a link between amino acid and carbohydrate metabolism [74] .
Proteins involved in the beta-oxidation of fatty acids and peroxisomal lipid metabolism show instead higher levels at 1°C 1 week. This may be explained by the fact that modifications in membrane lipid composition are a typical response to temperature changes in both uni-and multicellular organisms [75] . With the lowering of growth temperature also the fluidity of the cell membrane decreases, thus affecting membrane-associated cellular functions and ultimately compromising the organism survival [76] . Shortening the length of the membrane fatty acid chains represents a strategy to counteract the effect of cold stress by maintaining a constant degree of membrane fluidity [77] . No evidence of modulation of lipid-related pathways is observed at 45°C, thus indicating that this temperature has no impact on the membrane status. By having a role in the breakdown of storage lipids, β-oxidation additionally represents an advantageous mechanism to produce energy by the use of existing molecules instead of investing energy in the synthesis. This aspect becomes more relevant under non-optimal conditions of growth.
The up-regulation of the ubiquitin-protein ligase activity at low temperature can actually denote the degradation of target proteins, which enables the organism to degrade unnecessary proteins and maximize the survival under different conditions, such as heat and oxidative stress [78] . Since poly-and mono ubiquitination -as one of the fundamental post-translational modifications for regulating protein functionindeed control many aspects of cellular function in yeasts and in all eukaryotes [79] , it is not possible to exclude that other cellular processes, such as membrane transport and transcriptional regulation [80] are also involved.
The abundance of proteins related to the cell cycle control is increased after both short-and long-term exposure to 1°C. Proteins like glutathione S-transferase and the 14-3-3 family proteins play a regulatory role in all eukaryotic cells, having important cell signaling implications [81, 82] . The up-regulation of 14-3-3 may also result in the alteration of target proteins' function as well as in protein sequestering. Spatial sequestration of misfolded and stress-denatured proteins aiming to protein degradation, may actually enhance cellular fitness during stress [83] . Moreover, according to the nature of the protein ligand, the 14-3-3 binding may lead to cell cycle arrest [84] . Both in prokaryotes and in eukaryotes, the slowdown of the cell cycle is known to be induced by cold stress [77] , being triggered in yeasts by near-freezing temperatures [83] .
Similarly, at both 1°C 1 week and 1°C 1 h condition as compared to 45°C 1 week, proteins involved in carbohydrate metabolism (e.g. acetate and pyruvate metabolism) show higher abundance. The synthesis of cell wall polysaccharides can, in this case, be speculated. However, due to the fragmentation of the involved proteins, these processes can hardly be considered as actually up-regulated. The same applies to the up-regulated categories of cell aging.A small number of proteins involved in the cellular responses to stress -mostly superoxide dismutases, isoform of Hsp-70s and 14-3-3 family proteins are also recorded as up-regulated at 1°C -at all condition comparisons. In combination with the down-regulation of the metabolism and the rearrangements at the cell membrane level, this is a clear hint that low temperature is perceived by the fungus as non-optimal condition.
Conclusions
Being the present study the first contribution on the proteome of E. dermatitidis in relation to the effects of temperature, we aimed at the identification of key proteins for cellular processes regulated during temperature changes. The following conclusions can be drawn from our results: a) tests for thermal preferences and viability after heat and cold treatment confirm that E. dermatitidis is capable to thrive at a wide range of temperatures. Whereas 25-37°C supports fast growth, the fungus is able to survive and to grow -albeit with slow growth rates -at temperatures far from the optimum (1 and 45°C). This is in accordance with the morphological, ultrastructural observations as well as with the proteomic analysis. While the exposure to 1°C is perceived by the fungus as non-optimal condition, thus leading to the down-regulation of the metabolism and to re-arrangements at the cell membrane level, 45°C seems not to induce any stress response. Unlike other human fungal pathogens, no heat shock response is recorded at high temperature. On this basis, a fine-tuning regulation of the protein expression under temperature treatment -mostly involving housekeeping proteins such as the components of the major metabolic pathways -is suggested. Together with the thermo-stability of the basic set of proteins and the morpho-physiological adaptations, this is possibly what makes E. dermatitidis a fully successful microorganism and human pathogen. b) In view of the fungus distribution, infection route and its temperature tolerance, a transition from glaciers -as a natural reservoir -to the water reservoirs (tap water system) and from there to the human environment is likely. Such transition is possibly accomplished through a series of morpho-physiological evolutionary adaptations that involve a basic set of stable proteins and, especially, a fine-tuning regulation of the protein expression. In combination with the down-regulation of the cellular metabolism, this set of properties would ensure survival under diverse temperature condition enabling access to multiple and even harsh habitat, bypassing problematic aspects such as the ones represented by the oligotrophic conditions in the water, and the switch from low to high temperature.
An in depth analysis of single proteins envisions implications not only in view of virulence but also for biotechnological applications especially regarding thermo-stable proteins and functions. Proteins involved in the glyoxylate shunt like formate and malate dehydrogenase, or alcohol oxidases and 14-3-3 family proteins, which participate in the basic cellular metabolism and whose levels are down-regulated by lowered temperature, represent good candidates for knock-out experiments. Further, the information gained about the sub-cellular localization of the identified proteins can be verified by immunocytochemistry by aiming at target proteins. Improving the understanding of the identified "key metabolic proteins" involved in tolerance fine-tuning can be implemented into biotechnological applications, regarding recombinant product formation. Additionally, the investigation of identified metabolic processes ultimately supports the development of antimycotic strategies.
